In previous in v#ro studies, we proposed a role for the extracellular matrix component, laminin-2, and its integrin receptor, VLA-6, in thymocyte development. The characterization of two dystrophic mouse strains with different defects in laminin-2 allowed us to examine this proposal in vivo. Mice deficient in laminin-2, dy/dy, show a significant reduction in thymus size and number of thymocytes compared to normal littermates. These mice also exhibited apparent alterations of thymic architecture. Examination of the CD4/CD8 populations in dy/dy thymi showed large relative increases in the DN (CD4-CD8-) and SP (CD4+CD8-, CD4-CD8+) populations and a significant decrease in the DP (CD4+CD8+) population. Further examination of the DN population for CD44 and CD25 expression showed a remarkable decrease in the more mature pre-T cell populations. Analysis of apoptosis in situ, and by flow cytometry, in dy/dy thymi revealed a significant increase in apoptotic DN thymocytes in the capsule and subcapsular regions. Interestingly, thymocyte development appeared to proceed normally in dystrophic mice expressing a mutant form of laminin-2, dy2J, as well as, in fetal and neonatal dy/dy mice. We propose that laminin-2 plays an active role in thymocyte development by delivering cell survival and differentiation signals at specific stages of development in young adult mice.
INTRODUCTION
The laminins are a family of extracellular matrix (ECM) proteins found in basement membranes; they are heterotrimeric proteins consisting of a heavy chain (c) and two light chains (13, T). Laminin-1 (classically known as laminin) is composed of the 1, [1 and T1 chains while laminin-2 (merosin) contains the cz2, [31 and y1 chains Engvall 1994, Burgeson et al, 1994) . Laminin-2 has been shown to be a ligand for VLA-6 (cZ6l), an integrin which is expressed on thymocytes , Lannes-Vieira et al, 1993 . The Rm. 205, 12441 Parklawn Dr. Rockville, MD 20852-1727. voice jcoligan @ niaid.nih.gov 180 WILLIAM J. MAGNER et al. stage-specific manner (Leivo and Engvall, 1988 , Ehrig et al, 1990 .
During thymocyte development, maturation and selection, the thymocytes migrate through the different compartments of the thymus (Sprent et al, 1988, Scollay and Godfrey, 1995) . Each compartment presents a different microenvironment to the developing thymocytes and directly affects the differentiation, proliferation and survival of the cells passing through it (Ritter and Boyd, 1993) . The earliest populations of thymocytes are CD4-CD8-cells referred to as "double negative" (DN) . This population may be subdivided into several defined developmental populations by a variety of markers including CD44 and CD25 (Godfrey et al, 1993 , Godfrey et al, 1994 . As double negative cells mature, they acquire CD3, CD4 and CD8 surface expression as they progress to a population referred to as double positive (CD4+CD8+) (DP) . The double positive cells further mature along either the CD4 or CD8 pathway to mature single positive cells (for a review see Guidos, 1996) . By the time mature single positive thymocytes exit the thymus for the periphery, they will have undergone positive and negative selection--processes which delete self-reactive cells and provide self-MHC-restricted immunocompetent effector T cells to the periphery.
Laminin-2 has been shown to be expressed in the adult mouse thymus exclusive of laminin-1 and certain immature populations of murine thymocytes (Jlld+) have been shown to adhere to laminin-2 . This evidence, together with previous data (Wadsworth et al, 1993) , is suggestive of a role for laminin-2 in thymocyte development.
Various cells recognize and bind to extracellular matrix molecules through cell surface receptors of the integrin family. (Wadsworth et al, 1993) including the laminin-2 receptor, o6[1 . Numerous studies have examined the functions of the integrins (Hynes, 1992 , Giancotti, 1997 , Savino and Silva-Barbosa, 1996 , Malik, 1997 and two groups have produced [1 knockout mice (Stephens et al, 1995, Fassler and Meyer, 1995) . Both of these groups found that disruption of 1 function led to embryonic lethality. The dy (dystrophia muscularis) mice, in which laminin-2 expression is undetectable, have provided a "knockout" system with which to investigate the possible role that laminin-2 may play in T cell ontogeny.
Muscular dystrophy is an autosomal recessive, neuromuscular degenerative disease, characterized by muscle degeneration and dysmyelination in the nervous system (Duowitz, 1992 , Worton, 1995 , Matsumura and Campbell, 1993 . The mdx and dy mice are two of the animal models used in the study ofthis disease (Campbell, 1995) . The dystrophin gene was cloned and found to be deficient in the mdx mouse but normal in the dy mouse (Hynes, 1992 , Worton, 1995 , Xu et al, 1994a . The defect in the homozygous dy mouse (dy/dy) has been identified as a lack of laminin-2, an anchor protein in basal lamina important for muscle cell binding. It has been hypothesized that disruption of the linkage between the subsarcolemmal cytoskeleton and the basal lamina could result in the muscle cell necrosis and peripheral neuropathy characteristic of the dy/dy mouse and human muscular dystrophy patients (Sunada et al, 1994 , Xu et al, 1994a , Xu et al, 1994b . The dy 2J mouse, which expresses a form of murine dystrophia muscularis related to but distinct from the dy strain, was also analyzed to determine its genetic defect (Xu et al, 1994a , Sunada et al, 1995 . These mice have near normal levels of laminin-2 expression in their tissues but they display symptoms comparable to the dy/dy mice. In the dy 2J strain, the laminin o2 chain gene was shown to carry a mutation identified as a 171 bp in-frame deletion as well as a splice donor site mutation in the laminin-2 heavy chain transcript. The expressed form of the o2 chain in these mice has a 57 amino acid deletion (residues 34-90) and a substitution (Q91E) in the N-terminal domain VI (Xu et al, 1994a , Sunada et al, 1995 . These mutations are sufficient to mimic the muscular dystrophy phenotype of mice lacking laminin-2 expression.
We have taken advantage of the laminin-2 deficiency in the dy/dy mice to examine the role of laminin-2 in thymocyte development. We show that the dy/dy thymus is reduced in size out of proportion to the overall diminished size of the animals and that the thymic architecture is dramatically altered, especially in the reduction of the cortical regions. This diminished cortex correlated with a dramatic reduction in the size of the CD4+CD8 + (DP) population, normally the largest population in the thymus. The relative size of the CD4-CD8-population was markedly increased while the more mature subpopulations within this subset were reduced in size. The subpopulations that were relatively reduced in size in the dy/dy mice were the populations that show the highest affinity for laminin-2. We present a model for the role of laminin-2 in thymocyte development and immunohistochemical analyses of dy/dy and dy control thymi to support our conclusion that a likely cause of these developmental deficiencies is an abnormal level of apoptotic thymocyte death We believe this death results from the lack of a differentiation or survival signal that is normally provided to immature thymocytes by laminin-2.
MATERIALS AND METHODS

Mice
Adult (4-6 week old) C57BL/6J-dy male and female mice, with control littermates, were obtained from 
Cells and Tissues
Adult thymocytes were prepared as described (Brown et al, 1996) .
Results
Quantitation of Thymocytes in Dystrophic Mice
The dy/dy mice display classic muscular dystrophy symptoms including muscle weakness and impaired motor abilities. The dy/dy mice are apparent from their inability to fight when held by their tails, splayed limbs, difficulty of movement, small body size and lack of muscle mass, relative to heterozygous and wildtype littermates. The differences in body and organ size between dy/dy mice and their normal (dy/+ and +/+) littermates were quantitated for the purposes of comparison and control within our analyses (Table  I) . In this set of data, the decreased size of the dy/dy mice is apparent, as is the diminished mass of their thymi. Thymus weight alnd the number of thymocytes recovered from each thymus are standardized to body mass and thymus mass respectively to demonstrate that the thymus is reduced in size and cell numbers even relative to the reduced body size of these mice, i.e. the loss of thymocytes is out of proportion with the size of the mice. Interestingly, in the C57BL/6J-dy 2J mice, which display neuromuscular symptoms comparable to the dy/dy mice, the size of the thymus and the number of thymocytes recovered were similar to the dy control littermates (data not shown). These results indicate that expression of laminin-2 is required for normal thymic development and that the N-terminal truncated laminin-2 expressed by the dy 2J mice is sufficient to provide for normal development.
Analysis of Dystrophic Thymic Architecture
Having observed the dramatically decreased mass of the thymus and the loss of thymocytes in the dy/dy mice, histological analyses were carried out to examine the structure of the thymus, its component cell types and the expression of extracellular matrix components in the thymus.
To examine the dy/dy thymic architecture, hemotoxylin-eosin (H&E) stainings were performed. Comparison of H&E staining of the dy/dy thymus with a control littermate thymus showed not only the decreased size of the dystrophic thymus, but also the abnormal thymocyte distribution within the dystrophic thymus (Fig. 1A) . The difference in size between the dy/dy and dy control thymi is apparent in this figure where, at the same magnification, the dy control photomicrograph shows a portion of a thymus while the dy/dy photomicrograph shows an entire thymus. The cortical and medullary regions of the dy/dy thymus cannot be distinguished by H&E staining. The cell density throughout the dy/dy thymus is comparable to the cell density in the medullary region of the dy control thymus (Fig. 1A ). This apparent diminution of the cortex may be explained by destruction of thymic epithelium or by loss of cortical thymocytes.
To examine the distribution of thymic epithelial cell types, thymic sections were stained with antibodies specific for cortical or medullary epithelia. Figure 1B shows the staining pattern with the ERTR5 anti-medullary epithelium and Figure 1C shows the staining with 4F1 anti-cortical epithelium antibodies. It is apparent from these stainings that the cortical and medullary epithelia are present in the dy/dy thymi. Therefore, the apparent loss of the cortex in these mice must mainly result from a diminution in cortical thymocytes.
These thymic sections were also analyzed for expression of the laminin chains which are common to both laminin-1 and laminin-2. Figure 1D shows Figure 2A . The proportion of all populations was significantly larger in the dy/dy mice except for the DP thymocyte population which was significantly smaller (83 % vs. 33 %). The four-fold increase in mature thymocytes (CD4+CD8 -, CD4-CD8+) in dy/dy mice relative to control mice (44% vs 12% of total thymocytes) ( Fig. 2A) Figure 2A ). These results suggest that the loss of thymocyte populations observed in the dy/dy mice was specific to the lack of laminin-2 in their thymi, was not a secondary effect of their physical condition since dy 2J mice, which display neuromuscular symptoms comparable to the dy/dy mice, had normal thymocyte populations, and was not dependent on the N-terminus of the laminin 2 chain. , through antibody treatment of thymocytes before the adhesion assay, that thymocyte binding to laminin-2 is VLA-6 dependent and binding to fibronectin is dependent upon VLA-4 and 5. The enhanced binding dy/dy thymocytes display toward laminin-2 is not unexpected flow cytometric analyses demonstrated that VLA-6 expression was increased on these cells (data not shown). It is possible that thymocyte adhesion to laminin-2 leads to downregulation of VLA-6. Adhesion to laminin-2 would provide a needed co-stimulatory or survival signal followed by VLA-6 downregulation and continued migration and development. These possibilities will be the subjects of future studies.
Analysis of Apoptosis in Dystrophic Thymi
The decreased cell numbers in dy/dy thymi could result from a lack of proliferation or from an increased death of early thymocytes. Apoptosis is a very active process in the thymus. The majority of developing thymocytes die during selection and never reach the periphery. To examine apoptosis in the dy mice, fixed thymi were sectioned and stained by the TUNEL method. As shown in Figure 4 , the dy/dy thymus contains a significantly increased number of apoptotic cells relative to the dy control section. These apoptotic thymocytes were found in the capsular and subcapsular regions where DN thymocytes reside. The dy 2J mice were also analyzed for thymic apoptosis. As seen in Figure 4 , the dy 2J thymi appear quite normal and do not display the increased apoptosis seen in the dy/dy thymi. Thus, the lack of lam- (Porter and Janicke, 1999, Berliner et al, 1997) . Cleavage of the substrates used in this analysis by their specific caspase enzymes, releases fluorescent molecules which are observed and quantitated via standard flow cytometry. Figure 5A illustrates the fluorescent shifts which can be achieved with this technique and serves at a control from which bounds are defined for quantitation of apoptotic cells. Through this technique, we were able to detect elevated apoptosis throughout the immature dy/dy thymic subpopulations but primarily among the CD25 + DN thymocyte populations ( Figure 5B ). 
DISCUSSION
We previously showed that laminin-2, and not laminn-1, is expressed in the thymus and that a portion of thymocytes can adhere to laminin-2 . We also demonstrated that immobilized laminin-2 provides a co-stimulatory signal for anti-CD3-induced human thymocyte proliferation (Chang et al, 1995) These observations led to our proposal that laminin-2 plays a specific role in the development of thymocytes. Thus, we have used the laminin-2 deficient dy mouse as a model system in which to examine this hypothesis. The thymi of these dystrophic mice are disproportionately reduced in mass when compared to their control littermates. The number of thymocytes which can be isolated from these thymi is also reduced out of proportion with the size of the thymus. Phenotypic analysis of these thymocytes for CD4 and CD8 expression showed that the proportion of DN cells was dramatically increased in dy/dy mice along with a concomitant decease in DP cells. This suggested that many immature (DN) thymocytes were failing to develop properly. Examination of the CD4-CD8-population for expression of the CD44 and CD25 developmental markers revealed a large proportional increase in the most immature thymocyte population (CD44+CD25-) in dy/dy mice (Fig. 2B) . Thus, at the earliest stage of maturation, many dy/dy thymocytes fail to receive a signal necessary for differentiation.
In order to determine if the failure to receive the appropriate differentiation signal led to cell death, the thymi from the dystrophic mice and their controls were examined for apoptotic cells (Fig. 4 ). An increase in apoptotic thymocytes was found in the dy/dy mice primarily in the capsular and subcapsular regions where immature thymocytes are known to localize, We next examined each of the four subpopulations of DN thymocytes, as defined by CD44 and CD25 expression, for apoptosis using a flow cytomet- To determine the stage of development at which laminin-2 plays it's critical role, we examined thymocyte profiles from fetal day 16 through neonatal day 14. Thymocytes from these animals were analyzed by FACS for CD4, CD8, CD25 and CD44 expression while other tissues were analyzed by PCR for genotype and gender determination (data not shown). In the ages analyzed, we did not observe any significant perturbation of thymocyte subsets. It appears that laminin-2 is required for normal thymocyte development as mice reach young adulthood (2-4 weeks of age).
We examined the B cell, NK cell and T T cell populations by flow cytometry, taking advantage of a variety of cell surface markers, but did not find any perturbation of any of these populations. Thus, in the immune system, the cevelopmental effects of the lack of laminin-2 appear to be restricted to specific early x[3 T cell progenitors.
We used several strategies to test the function of positive and negative selection in these mice (data not shown). Immunoglobulin class switching occurred normally in the dy/dy mice and their response to ovalbumin was not different from control littermates. Our examinations of the T cell receptor repertoires and primary responses of thymocytes and Ia-splenocytes have not revealed any alterations in the dy/dy mice. Therefore, we have concluded that both positive and negative selection appear to be functioning normally in these mice. The loss of thymocytes of specific types without a gross disruption of mature T cell repertoire or response may be taken as an indication that the developmental role of laminin-2 is related to proliferation or survival without affecting T cell differentation (Guidos, 1996) . The ratio of DP to SP thymocytes in dy/dy mice relative to dy control mice suggests that there may be alterations in selection, proliferation or emigration which were not detected by our assays. These intriguing possibilities can be investigated through breeding with TCR transgenic strains and will be the subject of future studies.
To assess the ability of dy/dy thymocytes to proliferate, thymocytes and Ia-splenocytes from dy/dy and dy control mice were compared in standard tritium incorporation assays with anti-TCR stimulation with and without co-stimulation by laminin-2, In each case, the mutant and wild type thymocytes gave indistinguishable levels of proliferation (data not shown). The lack of laminin-2 during development does not affect the proliferation of the populations tested.
We propose a model of thymocyte development (Figure 6, model We cannot differentiate between the specific survival signal described in our first model and the possibility that laminin-2 may be required to direct or stabilize thymocytes to receive positive selection signals. In such a case, the lack of laminin-2 could result in "death by neglect" for the majority of thymocytes. For this reason, these two possibilities are considered indistinguishable and both covered by this model In support of the concept of a specific survival signal, Vachon et al (Vachon et al, 1996) describe the role of merosin (laminin-2) in myogenesis as "to promote myotube stability by preventing apoptosis". In many ways, the increased apoptosis seen in the myogenesis system and the protective effect of merosin parallel our results with thymocytes from laminin-2 deficient mice.
Our study of the dy 2J mice indicates that their specific mutation in laminin-2 produced comparable physical symptoms without the concomitant loss of thymocytes. Our analyses of the dy 2J mice support our conclusions from studying the dy/dy mice by demonstrating that the thymocyte loss does not correlate with the disease the two strains show comparable physical symptoms but the thymic effects are only found in the strain which does not express laminin-2. It is also apparent from this result that the N terminal region of the o2 chain of laminin is not critical for laminin-2 function in the thymus but it is critical in muscle. This can be explained by our hypothesis of the role of VLA-6 in the thymus and the reported role of cz-dystroglycan in muscle.
Our in vitro studies of thymocyte binding to laminin-2 demonstrated that the cellular receptor for laminin-2 was the integrin VLA-6 (o6131) . Studies of the dystrophin-associated glycoprotein complex in muscle showed that its component cz-dystroglycan was the laminin-2 binding protein (Worton, 1995) . Since the defect in dy 2J mice, which leads to muscular dystrophy symptoms, has been mapped as an N-terminal laminin (z2 deletion, and yet thymocytes from these mice undergo normal development, we can conclude that the cz-dystroglycan binding site and the 61 binding site are distinct. This agrees with a previous study (Deutzmann et al, 1990) in which the 06 binding site was mapped to a region outside of the N terminal segment deleted in the dy 2J mice.
The dystrophic mice have provided an in vivo system in which to directly examine the effects of the loss of a specific extracellular matrix protein. Our earlier hypothesis ) of a role for laminin-2 and VLA-6 in thymocyte development has now been demonstrated directly and this function has been specifically identified as a mediator of cell survival (Giancotti, 1997 , Meredith et al, 1993 . This extracellular matrix protein thus is delivering a specific signal to a select population of cells at a critical point in their development. The lack of this signal then results in the activation of a default programmed cell death pathway. The resultant apoptosis causes a diminution of the immature thymocytes available to progress through development, maturation and selection leading to fewer thymocytes and T cells to populate the animal.
